6-phosphogluconate is added during this preincubation period, S min before the start of the reaction, a further 190% activation is observed. However, addition of 6-phosphogluconate at the same time or later than addition of ribulose diphosphate, or at any time with SO I&~ bicarbonate, gives inhibition of the enzyme acti·-ity. It is proposed that enzyme activity is determined by the ratio of ribulose diphosphate bound to the enzyme to carbon dioxide bound to the enzyme (facilitated by Mg++), and that 6-phosphogluconate may prevent inactivation by ribulose diphosphate,
I
possibly by hinding at certain allosteric sites in place of R_uDP. It is proposed that a second effect of 6-phosphogluconatc is inhibition due to binding competitively with ribulose diphosphate at active catalytic sites. Possible relevance of these effects to in vivo regulatory effects is discussed.
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The carboxylation enzyme of the photosynthetic reductive t="ento.se phosphate cycle, ribulose 1,5-diphosphate carboxylase (RuDPCase), :nediates the reaction of ribulose 1,5-diphopshate (RuDP) w~th co 2 and water to 5ive t\vo molecules of 3-phosphoglyccratc (3-PC.A) (25, 26) . This reaction ~•rpcac~ to be subject to metabolic regulation in vivo, since it is accompanieu by a high negative free energy charge under conditions of steady-state pnotosynthesis (1~3), and thus is a rate-limiting step. Strong inhibition of isolated RuDPCase can be ca .. sed by levels of 6-PGluA (6,24) much lower than the levels of other metabolites such as fructose-1,6-diphosphate, which can also inhibit this enzyme (5, 6) . In our previous report of this inhibition of RuDPCase by 6-PGluA (6), th.e reaction was initiated by adding the enzyme to the othef\1/ise complete reaction mixture. It had been reported that preincubation of the en::me with bicarbonate and .Mg++ ions increased the activity of the en:;.-ue wnen assayed for 5 min (11, 18) . In the course of furd1er studies of the effects of 6-PGluA on the activity of RuDPCase, we have found that oreincubation of the enzyme with Mg++ and bicarbonate produces a long-u .,. ~~T~ i) 0 -3-lasting activation of the enzyme, and that inclusion of 6-PGluA in the preincubation mixture causes a large additional activation of the enzyme. However, when the enzyme is activated by preincubation with
Mg++ and bicarbonate and the reaction is initiated with addition of RuDP, subsequent addition of 6-PGluA causes inhibition. These and other results in this study suggest a complex regulatory mechanism, involving inactive and active fonns of the enzyme, which respond differently to 6-PGluJ\., with the response further modified by presence or absence of RuDP, concentration of bicarbonate, etc.
EXPERil\lENl'AL ·Materials. In addition to the materials used in a previous report (6), glucuronic acid 1-phopshate (Glcw\ 1-P); the potassitnn salt, was purchased from Sigma Chemical Co. Sodium salt of 6-PGluA was used in the present studies.
Enzyme Isolation. The enzyme was isolated from .spinach leaves.
TI1e isolation method wa:" the same as the one previously described (6) except in the following respects: a, the step of heating at SO 
"'" . For the studies of activation or i1lhibition, the Jrder and procedure for adding the effector will be indicated below.
Assay Method V. Method II was used; the effector was added in the reaction mixture before the addition of, the enzyme.
Assay Method VI. Method IV was used; the enzyme had been preincu- For the kinetic studies, the assays were conducted in separate v·ials for various preincubation and/or reaction times. In the study of 6-PGluA activation, 6-PGluA was added to the enzyme which had been preincubated with MgC1 2 and NaH 14 co 3 so that the preincubation time with 6-PGlul.. in each vial was different but the total preincubation time with .lvlgC1 2 and 14 NaB co 3 was kept the same.
The validity of inhibition and activation inducen by 6-PGluA ~~s been checked hy the following control experiment. 6-PGluA \vas first (G-6-P) generated by the reaction of 5 mM of glucosc-6-phosphate/with 5 n~l of NADP in the presence of glucose-6-phosphate dehydrogenase (10 LUlits) in 0.1 M tris-HCl buffer, pH 7~8. In each of the other three tubes, either G-6-P, NADP, or G-6-P dehydrogenase was omitted. All the tubes were incubated for 20 min at 25 C. After the reaction, part of the reaction product in each tube was diluted 10-fold with the same buffer. An aliquot (40 ~1) from each of the original and diluted reaction products was added to the vials for assay of RuDP carboxylase activity, tising either Method V or Method VI, so that the concentrations of the effectors were decreased 10-fold (i.e., the final concentration in the. complete system was 0.5 or. 0.05 mM).
• J c ...
In all the inhibition and activation studies, a control test (H 2  0) and. a comparison test (glucuronic acid-1-phosphate [Glcw\ 1-P]) were also carried out at the same time.
Protein concentration \\"as detennined by UV absorption at 280 run .
The factor, O.D. = 1.0 for 0.61 mg enzyme/ml, was used for tJ1e calculation of protein concentration (15) .
RESULTS
It was found that dissolved co 2 in the buffer solution from air could activate the enzyme activity. Becaus<: the an1olUlt of co 2 in the solution varies from time to tjmc due to the storage condition, it is necessary to expel the dissolved C0 2 in the solution so that the activation effects due to preincubation with MgC1 2 and NaH 14 co 3 can be accurately determined . .
With 1 mM NaH 14 co 3 , the kinetic studies using Assay Methods I-IV . sh011/ed that the ·enzyme gave by far the highest activity when it was preincubated with both MgC:.. 2 and NaH 14 co 3 (Method IV, Fig. 1 ). The enzyme when preincubated with only MgC1 2 (Method II) , or Nai-I 14 co 3 (Method III) ,
or no preincubation at all (Method I) gave only 1/10 of the activity obtained under the above preincubation conditions. While the highest rate with the enzyme preincubated with both Mg++ and NaH 14 co 3 was during the first 5 min, the rate remained about 6 times greater than the rate for the other assay conditions for the period from 5 to 20 min. The one which was preincubated with MgC1 2 had a slightly higher activity than the other two.
At a much higher concentration of Nai-r 14 co 3 (50 n11"1), the reaction .
rates from 9 to 20 min were almost ~ne same (see Fig. 2 ), irrespective -8-of whether or not the enzyme \vas preincubated, although dur:iJ1g the first 9 min the "preincubated" enzyme gave the higher activity.
The activities of enzymes which had been preincubated with i··lgC1 2 and NaH 14 co 3
for various lengths of time indicated that the enzyme reached the maximal activity after about 2 min preincubation at 2S C when the concentration of Naii 14 co 3 was low (1 n~·Q (Fig. 3) . At high NaH 14 co 3 concentration (SO mi"-1), 30 sec was enough to reach the maximum activity.
With 1 mM NaH 14 co 3
, inhibition was observed when 6-PGluA was added to the reaction mixture S min after initiation of the reaction, whether the rate was high following preincubation with both Mg++ and NaH was calculntcd from the slope of rc::1ction rate. Addition of GlcuA 1-P gave no appreciable inhibition in any of these cases.
It was found that 6-PGluA could either activate or inhibit the enzyme activity, and the effect was completely dependent on the assay method (Tables I, II .
degrees of inhibit.ion could be seen. In low NaH 14 co 3 , every method, except Method VI ("preincubation"), gave almost the same degree of inhibitiou-·-about 60'~ inhibition by 0.5 nlt-1 6-PGluJ\. CJcUJ\ 1-P g~lVC no significant effect. At high NaH 14 co 3 , "no preincubation" Method V shmved a stronger inhibition than the "preincubation" Method VI did (also see Fig. 9 ).
The enzyme reached its highest activity only after 3-4 min preincubation with 6-PGluA (0.05 mivf) in the presence .of MgC1 2 and NaH 14 co 3 (Fig. 6 ). This may suggest that the binding of 6-PGluA to the enzyme is rather a slow process.
When the enzymes were preincubatedwith various concentrations of 6-PGluA along with t-lgC1 2 and NaH 14 co 3 (1 mM), the maximLun activation was obtained at 0.05-0.1 miv1 of 6-PGluA. As the concentration was increased beyond 0.1 mivf, the activation decreased or an inhibition effect appeared. At as low concentration as 5 J..lM, 6-PGluA gave 70-80% activation (Fig. 7) . However, with Method V ("no preincubation"), inhibition was obtained in every level of 6-PGluA (Fi~. 8).
GlcuA 1-P was used as a comparison with 6-PGluA. Since botl1 compounds have the same carboxyl and phosphate groups, differences in the charge effect and the ionic strength effect which might influence the enzyme activity are minimized. Preincubation of the enzyme with 2 mM
GlcuA 1-P, in the presence of NgC1 2 arid NaH 14 co 3
C·lethod VI), gave abou~ 30% activation. The "activation" curve ( Fig. 7) for enzyme preincubated vdth GlcuA 1-P was similar to curves for fructose-6-phosphate and inorganic phosphate. We were unable to confinil significant activation by 0. 5 llll' vl fructose-6-phosphate, reported by Buchanan and Schunnarm (5) .
At that level of fructose-6-phosphate we saw less than 20% activation.
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At 50 rnM NaH co 3 , no activation could be observed by either method.
Nevertheless, Method V ("no preincubation") gave stronger inhibition than Method VI ("preincubation") (see Fig. 9 ).
In order to check whether the above activation or inhibition effect is really induced by 6-PGluA, a control experiment was performed in which 6-PGluA was freshly generated using G-6-P, G-6-P dehydrogenase, + and NADP . From the results (Table III) . ' . '
I"·;
'j -11-least in part the result of the carboxylation using already bound carbon dioxide, the species which has been shown to be involved in the carboxylation mechanism (7) . It and C02" (However, as shown in Fig. 2 , the effect caused by RuDP without preincubation with C0 2 and Mg ++ can be overcome by high levels of co 2
.)
It is known that RuDPCase contains a number of subunits and many binding sites for substrates (20, 21, 23, 28) . It is suggested that the activity of the enzyme depends in some way on the number of co 2 molecules and RuDP molecules bound to the enzyme, and that a high nwnber of co 2 molecules bound to the enzyme tends to reduce the number of RuDP molecules bound to the enzyme, but not necessarily at the active catalytic sites.
It is further suggested that RuDP binding at some sites tends to prevent co 2 binding at activating sites, thus reducing the activity of the enzyme.
Sufficiently high levels of bicarbonate provide enough co 2 to overcome the effects of the RuDP binding at sites which inactivate the enzyme.
In one model, the activating molecules of co 2 might be all bound at catalytic sites. When RuDP then became bound at one such site, and the two substrates were converted to PGA, co 2 bound at other active sites would keep the enzyme active. Everi if another RUDP were to · ind immediately at that same site (before co 2 binding), the enzyme \vould remain active due to co 2 molecules bound at other sites. The enzyme could only be converted to the inactive form if co 2 were depleted and RuDP allowed to bind enough sites without reaction to change the conformation of the enzyme to the form with a high binding constant for co 2 .
Another possible model is one in which some or all of the activating molecules of co 2 are bound at allosteric sites. Again, the binding of co 2 to such sites, necessary for activation of the enzyme, would be prevented by the prior binding of RuDP to a mmtber of sites on the enzyme.
• .,
-13-Just as it is not possible from our data to say whether the activation of the enzyme by Mg++ -mediated binding of co 2 is due to binding at allosteric sites, catalytic sites, or both, we cannot say whether the proposed inhibitory conformational change is due to RuDP binding at allosteric sites, active sites, or both. However, the effects of 6-PGluA, discussed below, suggest that there may be both allosteric and active site binding of RuDP.
As previously reported, and as seen in these studies (Tables I and   IO (Fig. 6) . The slow response of the enzyme to 6-PGluA might be an example of the hysteretic phenomenon proposed by Frieden (8) . The preincubation effect of co 2 and Mg++ alone required 2 min (Fig. 3) , and the binding of RuDP must be assumed to be even faster, since simultaneous addition of RuDP, Mg++ and C0 2 gives the inactive form of the enzy111e.
The inhibition by 6-PGluA reported previously, and seen w1der all conditions except preincubation with Mg++ and low co 2 , may be due to competition of 6-PGluA with RuDP at the active catalytic sites. Kinetic ·analysis of the inhibition of the enzyme by 6-PGluA without preincubation suggested that the inhibition might be of the linear non-competitive type, but, as we pointed out, simple kinetic t.~eatment might not be strictly valid for RuDPCase, which has several subtmits, two substrates, multiple Avoidance of this oxidation of RuDP would be beneficial to the plant cell irrespective of \vhether oxidation of RuDP in vivo is an important route in the fonnation of glycolate and subsequent photorespiration, a question still subject to controversy (19, 22) .
Returning to nonnal physiological conditions, let us next consider the light to dark transition. If the level of Mg++ free in the soluble part of the chloroplasts decreases greatly, as indicated by the study of Lin and Nobel (12, 13) ,this would of itself decrease the activity of the active fonn of RuDPCase, which has a pH dependence shift to tl'1e alkaline ++ with reduced Mg (4) . The appearance of 6-PGluA during the first minute of darkness would further inhibit the enzyme. These and perhaps other -16- effects (9, 27) may accow1t for the slm{ rate of the carboxylathm reaction observed in isolated chloroplasts and in Chlorella pyrenoidosa after about 2 min darkness.
After a long period of darlmess, the level of RuDP would have gone to zero. The level of co 2 inside chloroplasts would be much higher in the dark, due to absence of photosynthetic uptake, and generation of co 2 by the oxidative pentose phosphate cycle. When the light is tun1ed on again, particularly if the inten..c:;ity is low, low levels of 6-PGluA will still be present· even in bright light for the few minutes after a period of darkness (2) . Hhen the light comes on, the Mg++ level will also increase, so that the enzyme in vivo would be "preincubated" with co 2 ,
Mg++ and a low concentration of 6-PGluA, the conditions required for activation. Thus, RuDP can be actively carboxylated as soon as it is formed from ribulose-5-phosphate.
")
. . 5 min (between 5 and 10 min).
-\.
-23- *Activities were the reaction rates between 2.5 and 7.5 min; during this period, the rates were linear with time (see Fig. ·2 ).
**Activities \'Jere measured from the slopes in Fig. 5 , · Table III . Control Exoeriment 6-PG1uA was generated from G-6-P, NADP, and G-6-P dehydrogenase. This 6-PGluA as well as other reaction produc~from the reaction systems in which either G-6-P, NADP, or G-6P dehydrogenase was omitted -were used for the studies of inhibition and activation. 
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